We have previously demonstrated that pressure-overload hypertrophy in adult sheep is associated with myocardial dysfunction whereas that in young lambs is associated with normal contractility. To probe for possible mechanisms of these agedependent differences, we assessed mRNA expression of genes encoding critical components of myocardial Ca 2ϩ handling in the same animal model. We studied left ventricular myocardium of young and adult sheep with short-term (48 h) and long-term (6 wk) pressure overload induced by ascending aortic constriction. Six weeks of pressure overload induced the significant left ventricular hypertrophy (36 and 39% increase in left ventricular/ body weight ratio in lambs and sheep, respectively). The Ca 2ϩ ATPase and Na ϩ /Ca 2ϩ exchanger mRNA decreased with pressure overload only in the adult (p Ͻ 0.05). Ca 2ϩ channel mRNA was slightly increased by pressure overload regardless of age (p Ͻ 0.05). Calsequestrin, sarcoplasmic reticulum Ca 2ϩ release channel, or myosin heavy-chain mRNA levels did not significantly differ. In adult sheep after 6 wk of pressure overload, decreases in load-adjusted midwall shortening (systolic dysfunction) and prolongation of relaxation time constant (diastolic dysfunction) correlated with decreases in Ca 2ϩ -ATPase mRNA. The sarcoplasmic reticulum Ca 2ϩ -ATPase protein level and Ca 2ϩ uptake activity of isolated sarcoplasmic reticulum vesicles were depressed only in the adult with pressure-overload hypertrophy but not in the young. We demonstrated age-dependent differences in mRNA expression of Ca 2ϩ -handling protein genes in response to pressure overload, which preceded the occurrence of hypertrophy and myocardial dysfunction. Thus, altered expression of Ca 2ϩ -handling protein genes may be one of the primary responses to pressure overload rather than a phenomenon secondary to myocardial hypertrophy. LV pressure-overload hypertrophy is often accompanied by myocardial dysfunction. Several factors such as severity, duration, and abruptness of pressure overload determine myocardial dysfunction. Maturation is also a factor that determines myocardial adaptation to pressure overload (1, 2). We have previously shown that myocardial systolic function (3) and diastolic function reserve (4) are depressed in conscious adult sheep with LV hypertrophy. Interestingly, young animals with a similar degree of pressure-overload hypertrophy maintain normal systolic and diastolic function (3, 4). Thus, there is an age-related difference in myocardial adaptation to pressure overload. Although mechanisms for pressure-overloadinduced myocardial dysfunction are yet to be fully determined, abnormalities in myocardial intracellular Ca 2ϩ handling have been observed in many experimental animal models of pressure-overload hypertrophy and in patients with heart failure (5-7).
We have previously demonstrated that pressure-overload hypertrophy in adult sheep is associated with myocardial dysfunction whereas that in young lambs is associated with normal contractility. To probe for possible mechanisms of these agedependent differences, we assessed mRNA expression of genes encoding critical components of myocardial Ca 2ϩ handling in the same animal model. We studied left ventricular myocardium of young and adult sheep with short-term (48 h) and long-term (6 wk) pressure overload induced by ascending aortic constriction. Six weeks of pressure overload induced the significant left ventricular hypertrophy (36 and 39% increase in left ventricular/ body weight ratio in lambs and sheep, respectively). The Ca 2ϩ ATPase and Na ϩ /Ca 2ϩ exchanger mRNA decreased with pressure overload only in the adult (p Ͻ 0.05). Ca 2ϩ channel mRNA was slightly increased by pressure overload regardless of age (p Ͻ 0.05). Calsequestrin, sarcoplasmic reticulum Ca 2ϩ release channel, or myosin heavy-chain mRNA levels did not significantly differ. In adult sheep after 6 wk of pressure overload, decreases in load-adjusted midwall shortening (systolic dysfunction) and prolongation of relaxation time constant (diastolic dysfunction) correlated with decreases in Ca 2ϩ -ATPase mRNA. The sarcoplasmic reticulum Ca 2ϩ -ATPase protein level and Ca 2ϩ uptake activity of isolated sarcoplasmic reticulum vesicles were depressed only in the adult with pressure-overload hypertrophy but not in the young. We demonstrated age-dependent differences in mRNA expression of Ca 2ϩ -handling protein genes in response to pressure overload, which preceded the occurrence of hypertrophy and myocardial dysfunction. Thus, altered expression of Ca 2ϩ -handling protein genes may be one of the primary responses to pressure overload rather than a phenomenon secondary to myocardial hypertrophy. LV pressure-overload hypertrophy is often accompanied by myocardial dysfunction. Several factors such as severity, duration, and abruptness of pressure overload determine myocardial dysfunction. Maturation is also a factor that determines myocardial adaptation to pressure overload (1, 2) . We have previously shown that myocardial systolic function (3) and diastolic function reserve (4) are depressed in conscious adult sheep with LV hypertrophy. Interestingly, young animals with a similar degree of pressure-overload hypertrophy maintain normal systolic and diastolic function (3, 4) . Thus, there is an age-related difference in myocardial adaptation to pressure overload. Although mechanisms for pressure-overloadinduced myocardial dysfunction are yet to be fully determined, abnormalities in myocardial intracellular Ca 2ϩ handling have been observed in many experimental animal models of pressure-overload hypertrophy and in patients with heart failure (5-7).
The first purpose of this study is to examine whether the age of animals affects mRNA expression of Ca 2ϩ -handling proteins in response to pressure overload. To investigate possible mechanisms of myocardial dysfunction associated with pres-sure-overload hypertrophy, we analyzed mRNA expression of three SR proteins: Ca 2ϩ ATPase, Ca 2ϩ release channel (ryanodine receptor), and calsequestrin, and two sarcolemmal proteins: DHP-sensitive Ca 2ϩ channel and Na ϩ /Ca 2ϩ exchanger in the myocardium subjected to pressure-overload hypertrophy. We studied young (3 mo old) lambs and adult (2 y old) sheep under the identical protocol in which we have extensively characterized systolic and diastolic functions (3, 4) .
The second purpose of this study is to determine whether alterations in expressions of Ca 2ϩ -handling protein genes occur before the development of pressure-overload hypertrophy. Altered expression of Ca 2ϩ regulatory protein genes has been reported in hypertrophied myocardium with clinically overt heart failure (8, 9) . However, it is not known whether altered expressions of these genes are pathogenic or are the result of advanced cellular hypertrophy associated with end-stage congestive heart failure. Thus, we also analyzed mRNA levels of Ca 2ϩ -handling proteins at 48 h of pressure overload, a time point before the occurrence of hypertrophy or myocardial dysfunction (10) .
Therefore, eight groups of animals based on a 3-factorial design (presence or absence of pressure overload ϫ duration of pressure overload ϫ age of animals) were studied (Table 1) . SR Ca 2ϩ ATPase, which revealed a marked decrease in mRNA level only in adult sheep with pressure-overload hypertrophy, was also assessed in terms of both its protein and functional levels, that is, SR Ca 2ϩ uptake activity. This study is unique in that multiple mRNA was evaluated with a parallel hemodynamic assessment in a large animal model.
METHODS
Pressure-overload hypertrophy model. We studied a total of 59 animals in two age groups (3-mo-old lambs and 2-y-old adult Suffolk and Hampshire sheep) with short-term (48 h) and long-term (6 wk) pressure overload induced by ascending aortic banding as well as their age-matched sham-operated controls (Table 1) . A subgroup of eight adult sheep with 6 wk of pressure-overload hypertrophy underwent hemodynamic studies as well as mRNA analyses to assess correlation between the mechanical function and mRNA expression of Ca 2ϩ -handling proteins. In previous works using the same 6-wk pressure-overload hypertrophy model, we demonstrated depressed systolic and diastolic functions in 2-y-old adult sheep with pressure-overload hypertrophy but normal systolic and diastolic functions in 3-mo-old lambs with pressure-overload hypertrophy.
The surgical procedure of ascending aortic banding was previously described in detail (3). General anesthesia was induced with 10 mg/kg of intramuscular ketamine and maintained with lowdose halothane and i.v. ketamine (10 mg·kg
). LV and arterial pressure were monitored with a pigtail catheter in the LV through a femoral sheath. A thoracotomy was performed through the third intercostal space. Umbilical tape (U10, Ethicon, Johnson and Johnson, Somerville, NJ, U.S.A.) was wrapped twice around the ascending aorta distal to the coronary arteries and tightened until the peak LV pressure was 30 mm Hg greater than the peak femoral arterial pressure. Surgery in the sham-operated animals was identical including encircling of the aorta with a tape, which was then removed. Penicillin and streptomycin were administered by intramuscular injection before surgery and continued after surgery. Ten adult sheep and six young lambs with the aortic banding died postoperatively, and they were excluded from the study. All of the postoperative deaths occurred during the first 48 h of the aortic-banding surgery except an adult sheep that died 5 wk after the aortic-banding surgery. All the animals used in this study were maintained in accordance with the guidelines of the Extraction of total cellular RNA. The animals were killed 48 h or 6 wk after the surgical procedure with an overdose of pentobarbital (100 mg/kg) and KCl. Total cellular RNA was extracted from the LV tissue by the acid guanidinium thiocyanate-phenol-chloroform method (11) . RNA concentration was determined by spectrophotometry with an absorbance at 260 nm.
Northern blot analysis. Samples (20 g) of total cellular RNA were size fractionated by electrophoresis on a 1.0% agarose/formaldehyde gel and transferred to a nitrocellulose filter. The blots were prehybridized and hybridized as previously described (9, 11) with the following cDNA probes: 1) a 0.7-kb PstI fragment generated from the carboxyl terminal and 3' untranslated region of the cDNA clone specific for the rabbit cardiac/slow twitch skeletal muscle SR Ca 2ϩ ATPase (12), 2) a 1.9-kb EcoRI fragment from the cDNA clone IC3A containing the entire coding region and 3' untranslated region of the canine cardiac calsequestrin (13), 3) the 1.8-kb 3' end fragment of human cardiac cDNA encoding Na ϩ /Ca 2ϩ exchanger (14) and cDNA inserts of pMHC25, which hybridizes to both ␣-and ␤-myosin heavy-chain mRNA (15) . The cDNA inserts were labeled with 32 P-dCTP (3000 mCi/ mmol, NEN) by the random priming method. After hybridization, the filters were washed serially with the final wash in 0.2X sodium citrate/sodium chloride buffer (SSC buffer) and 0.1% SDS at 55°C for 30 min. The filters were exposed at Ϫ80°C on x-ray films. Several exposures were obtained to quantitate relative amounts of each mRNA by laser densitometry in the linear response range of the x-ray films. As a reference point, the mean value of the scores of mRNA from sham-operated adult sheep with 6-wk protocol was arbitrarily set as 1.0.
Slot blot analysis. Samples (5, 10, and 20 g) of total RNA from individual hearts were loaded onto a nitrocellulose filter using a slot blot apparatus (Schleicher & Schuell, San Diego, CA, U.S.A.). The filter was hybridized with 32 P-labeled cDNA probes for the ␣ 1 -subunit of the cardiac DHP-sensitive Ca 2ϩ channel, which was a 1.3-kb EcoRI fragment isolated from rat cardiac cDNA library (9) and the rabbit cardiac Ca 2ϩ release channel (8) . Hybridization and washing conditions were the same as those for Northern blot analysis. Several autoradiograms with different exposure time were obtained. The one with the best contrast among the three sample doses (5, 10, and 20 g) was selected, and the quantification was performed by densitometer scanning.
Isolation of SR vesicles. Isolation of SR vesicles was performed based on a previously described method (16) . All the following procedures were done at 4°C. The LV tissue was cut into small pieces and homogenized in 3 mL/g of ice-cold buffer A (50 mM Tris-maleate, pH 6.9, 5 mM NaN 3 ) using physcotron homogenizer (Nichion, Japan). The homogenate was centrifuged at 1000 ϫ g for 20 min. One-quarter volume of buffer B (50 mM Tris-maleate, pH 6.8, 3 M KCl, 5 mM NaN 3 ) was added to the supernatant and centrifuged at 14,000 ϫ g for 20 min. The supernatant was centrifuged again at 100,000 ϫ g for 45 min. The pellet was suspended in 3 mL/g of buffer C (20 mM Tris-maleate, pH 6.8, 50 mM KCl), then centrifuged at 100,000 ϫ g for 45 min. The pellet was resuspended in 2 vol of buffer D (30 mM Tris-maleate, pH 6.8, 0.25 M sucrose). Ca 2؉ uptake activity of SR vesicles. One hundred microliters of the SR sample was preincubated at 30°C for 3 min with 250 L of buffer E (20 mM Tris-maleate, pH 6.8, 129 mM KCl, 6.43 mM MgCl 2 , 6.43 mM NaN 3 , 0.257 mM EGTA) with 20 mM potassium oxalate and 5 mM Tris-ATP added immediately before the assay. The Ca 2ϩ uptake reaction was initiated by adding 50 L of buffer F (20 mM Tris-maleate, pH 6.8, 100 mM KCl, 5 mM MgCl 2 , 5 mM NaN 3 ). After 2 min of incubation at 30°C, the reaction mixture was filtrated by Millipore filter. The filter was air-dried, and the radioactivity was counted. The Ca 2ϩ uptake of the SR vesicle was quantitated as the ratio of cpm counts trapped by the filter, out of a total 45 Ca added to the reaction mixture.
Anti-SR Ca 2؉ -ATPase immunoblotting. Tissue homogenate containing 20 g of protein was electrophoresed on 10% SDS polyacrylamide gels and transferred to a nitrocellulose membrane (Hybond-ECL, Amersham, Buckinghamshire, UK) using a semidry blotting system (Horizon Blot, ATTO, Tokyo, Japan). Blots were probed by sequential incubation with mouse anti-rat SR Ca 2ϩ ATPase (16) and peroxidase-linked donkey anti-mouse IgG. The ECL light-emitting nonradioactive Western blotting kit (Amersham, Buckinghamshire, UK) was used, and light intensity was quantitated by a short exposure to x-ray film.
Hemodynamic study. Ultrasonic dimension gauges for LV internal diameter and wall thickness and an LV pressure manometer were instrumented in eight adult sheep as previously described (3) . At the end of 6 wk of pressure overload, the animals were administered 1 mg/kg of propranolol and 0.1 mg/kg of atropine and kept conscious in a nylon sling during the hemodynamic measurement. After a baseline hemodynamic measurement, a stepwise infusion of methoxamine (2.5, 5, 10, and 20 g·kg -1 ·min -1 ) was performed to alter afterload and obtain load-independent indices of myocardial contractility.
We developed preload-and afterload-independent assessments of myocardial contractility, midwall shortening fraction (Sm), and midwall shortening rate (SRm) at a common preload ( ed ) and afterload ( aft ) based on the systolic myocardial stiffness concept (3, 17) . The indices were previously demonstrated to be applicable to hypertrophied ventricles (3, 10) . To assess LV diastolic function, the time constant, tau, of isovolumic relaxation was obtained.
Statistical analyses. Data are expressed as mean Ϯ SEM. Effects of age, pressure overload, and its duration on each mRNA expression were assessed by the factorial ANOVA. Age differences in responses to pressure overload were examined as a significant interaction in the 3-factorial ANOVA. Individual intergroup differences were assessed by Fischer's exact test if overall significance was demonstrated by ANOVA. Significance was accepted at the level p Ͻ 0.05.
RESULTS

Pressure-overload LV hypertrophy.
The severity of pressure overload (LV-to-aortic pressure gradient) measured immediately before death of the animals did not differ significantly between the two age groups either at 48 h or 6 wk ( Table  1 ). The pressure gradient was greater in 6-wk aortic-banding groups compared with that in 48-h aortic-banding groups in both young and adult animals. This may be due to increased force generation by the hypertrophied myocardium at 6 wk of aortic banding. Aortic banding caused a similar LV hypertrophic response at 6 wk in both age groups (36 and 39% increases in LV-to-body weight ratio in the young and the adult, respectively). No significant LV hypertrophy was observed at 48 h after pressure overload in either age group, indicating that the time point, 48 h, we chose was appropriate to study the early hypertrophic signals before the resultant accumulation of myocardial mass.
Hemodynamic characteristics of the model. We have previously described hemodynamic characteristics of the conscious sheep pressure-overload hypertrophy model used in this study (3, 4) . Pressure-overload hypertrophy decreased LV systolic function in the adult sheep. In the current study, 6 wk of pressure overload in adult sheep decreased midwall short-248 ening fraction and shortening rate at common preload (50 g/cm 2 ) and afterload (250 g/cm 2 ) ( Table 2) . LV end-diastolic pressure was slightly elevated. Time constant tau at baseline sinus rhythm was 29 Ϯ 3 ms. Diastolic function reserve, assessed by the time constant of isovolumic LV relaxation during rapid pacing at 270/min, deteriorated in the adult sheep with pressure-overload hypertrophy from 23.5 Ϯ 0.7 ms at 120/min to 41.3 Ϯ 3.9 ms. LV dP/dt max and dP/dt min, which are load-dependent indices of systolic and diastolic function, did not differ between those with and without hypertrophy, as previously shown (3, 4) .
Gene expression of Ca 2؉ -handling proteins. Figure 1 shows a representative RNA blot analysis in the adult samples. Each cDNA probe hybridized to single mRNA species of the expected size. Densitometric analysis of multiple samples is shown in Figure 2 . The level of the SR Ca 2ϩ -ATPase mRNA remained unchanged by aortic banding in the young lambs. In contrast, it decreased by 49 (p Ͻ 0.05) and 68% (p Ͻ 0.01) in the adult sheep with aortic banding for 48 h and 6 wk, respectively ( Fig. 2A) . Three-factorial ANOVA showed a significant interaction between age and pressure overload. Maturation alone did not alter mRNA expression of the SR Ca 2ϩ -ATPase gene, because there was no significant difference in the level of this mRNA between the sham-operated young and the adult. Figure 2B shows expression of Na ϩ /Ca 2ϩ exchanger mRNA. Adult sheep with 6 wk of aortic banding had 62% less Na ϩ /Ca 2ϩ exchanger mRNA than age-matched shams (p Ͻ 0.05). Three-factorial ANOVA showed significant interaction between age and pressure overload.
Because mRNA levels of the Ca 2ϩ release channel of SR and the Ca 2ϩ channel are low, we used slot blot analysis. Figure 3 shows statistical results from densitometric analysis. Three-factorial ANOVA showed that pressure overload, regardless of age or duration of pressure overload, slightly increased the mRNA level of the DHP-sensitive Ca 2ϩ channel (p Ͻ 0.05). However, paired comparisons within any of the age and duration groups revealed no significant changes in Ca 2ϩ channel mRNA level by the pressure overload.
In contrast, differences in the levels of cardiac calsequestrin, Ca 2ϩ release channel, and myosin heavy-chain mRNA among groups did not reach statistical significance (Table 3) .
To rule out a potential variation in myocyte/nonmyocyte RNA ratios among groups, we normalized mRNA expression of each of the five genes studied (Ca 2ϩ ATPase, Na ϩ /Ca 2ϩ exchanger, Ca 2ϩ channel, calsequestrin, and Ca 2ϩ release channel) by the myosin heavy-chain mRNA level of the same sample. The normalized mRNA data of Ca 2ϩ -handling proteins revealed the identical results, that is, a decrease in the mRNA level of Ca 2ϩ ATPase and Na ϩ /Ca 2ϩ exchanger in response to pressure-overload hypertrophy in adult sheep and an increase in DHP-sensitive Ca 2ϩ channel mRNA regardless of age. Ca 2؉ uptake activity of the isolated cardiac SR vesicles. Ca 2ϩ uptake activity of the cardiac SR vesicles was depressed only in the adult sheep with the 6 wk of pressure-overload hypertrophy ( Table 4 ), whereas that in the young lambs with the 6 wk of pressure-overload hypertrophy tended to be lower than the age-matched sham control, but the difference did not reach statistical significance. (Fig. 4 and Table 4 ). In contrast, SR Ca 2ϩ -ATPase protein was maintained at a normal level in the young lambs with the same 6 wk of pressure-overload hypertrophy.
Correlations between hemodynamic parameters and mRNA expression of Ca 2؉ -handling proteins. Average values of mRNA expression of Ca 2ϩ ATPase and Na ϩ /Ca 2ϩ exchanger in a subgroup of eight sheep with 6 wk of pressure overload that underwent hemodynamic study were not different from the average of the entire 13 sheep in the 6-wk pressureoverload group (Fig. 5 ). There were interindividual variations both in hemodynamic parameters and in mRNA expression. One-to-one correlation was made between each hemodynamic parameter (midwall shortening fraction, shortening rate at 
DISCUSSION
We demonstrated decreased mRNA levels of SR Ca 2ϩ ATPase and Na ϩ /Ca 2ϩ exchanger in adult sheep with pressureoverload hypertrophy. In contrast, in the young lambs, mRNA levels of these myocardial Ca 2ϩ -handling proteins were normal even with pressure-overload hypertrophy. The protein level of SR Ca 2ϩ ATPase and Ca 2ϩ uptake activity of isolated SR vesicles were also depressed only in the adult sheep with pressure-overload hypertrophy, not in the young lambs with pressure-overload hypertrophy. These patterns of biochemical findings were parallel to our previous hemodynamic findings that myocardial systolic and diastolic functions were depressed in the 2-y-old adult sheep but not in the 3-mo-old young lambs with pressure-overload hypertrophy, which supported the hypothesis that abnormalities in myocardial intracellular Ca 2ϩ handling play a key role in pressure-overload-induced myocardial dysfunctions. We note that the average value of Ca 2ϩ uptake activity in young lambs with pressure-overload hypertrophy tended to be less, although it was statistically nonsignificant. A subclinical level depression of SR function without overt hemodynamic abnormality may have taken place in some young lambs with pressure-overload hypertrophy. Future study with a larger numbers of animals and a broader range of Ca 2ϩ correlation in the assay as well as the hemodynamic assessment may give further information. 
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Relaxation of the myocardium results from a decrease in cytoplasmic-free Ca 2ϩ levels, which is mediated largely by SR Ca 2ϩ ATPase. Some animals in the adult pressure-overload hypertrophy (6 wk) group had prolonged tau, and there was a significant inverse correlation between tau and SR Ca 2ϩ -ATPase mRNA. Less Ca 2ϩ uptake to SR in the diastole results in less Ca 2ϩ release from SR in the following systole (16). Thus, depressed systolic function and a positive correlation with the levels of SR Ca 2ϩ -ATPase mRNA in this model indicate that the depressed systolic function may also in part be attributable to the decreased SR Ca 2ϩ -ATPase expression. We demonstrated decreases in the Na ϩ /Ca 2ϩ exchanger mRNA in the myocardium with pressure-overload hypertrophy in adult sheep. However, no correlation was observed between the hemodynamic parameters and Na ϩ /Ca 2ϩ exchanger mRNA levels.
We observed a slightly elevated expression of the ␣ 1 -subunit of the DHP-sensitive Ca 2ϩ channel mRNA in pressure overload. Pressure-overload hypertrophy is associated with a prolongation of action-potential duration and decreased rate of repolarization (18) , delayed Ca 2ϩ transient (19) , and prolonged contraction duration (20) , which could be explained by a decrease in Na ϩ /Ca 2ϩ exchange and an increase in the Ca 2ϩ channel activity, although other explanations are possible. We must note that we analyzed mRNA levels of only the ␣ 1 -subunit of the DHP receptor, which is comprised of five subunits. There is a possibility that not all of the subunits are regulated similarly in pressure-overload hypertrophy. Differences in the levels of expression of calsequestrin and Ca 2ϩ release channel mRNA among the groups did not reach statistical significance. This indicates that a decrease in Ca 2ϩ ATPase in adult animals is not due to a general decrease in all SR proteins. It is possible that proliferation of fibroblasts is triggered more readily by pressure overload in adult sheep than in young lambs. Dilution of myocyte RNA with nonmyocyte RNA may result in an underestimation of certain mRNA species (Ca 2ϩ ATPase, etc.) and mask overload-induced increases in other species. However, it is unlikely that this is the sole cause of the age-related differences in cardiac gene expression observed in the current study, because the decreases in the Ca 2ϩ -ATPase mRNA and Na ϩ /Ca 2ϩ exchanger mRNA in the adult with LV hypertrophy (LVH) were evident even when the values were corrected for the level of the myosin heavychain mRNA, a myocyte-specific gene product. Normalization of the Ca 2ϩ -ATPase mRNA and Na ϩ /Ca 2ϩ exchanger mRNA levels by the general increases in protein or DNA level would also deny the possibility of the nonspecific dilution.
Depression of mRNA levels of SR Ca 2ϩ ATPase was detected as early as 48 h of pressure overload in adult sheep. This precedes development of hypertrophy ( Table 1) and myocardial dysfunction. This suggests that alterations in mRNA expression of Ca 2ϩ -handling proteins may be a primary response to pressure overload rather than a late phenomenon secondary to established hypertrophy or heart failure. Therefore, a Ca 2ϩ -handling abnormality could be one of the causes of myocardial dysfunction in pressure-overload hypertrophy. There may be some other early hypertrophic signaling that is already inactivated or that is not yet activated at the 48 h of pressure overload. Broader range of the time course would be helpful to elucidate early hypertrophy responses more extensively.
As immature groups, we used 3-mo-old lambs as we did in our previous hemodynamic studies (3, 4) . They are large enough for the open-chest surgeries and still under the maturation process. As adult groups, we used 2-y-old Suffolk sheep. Although they are fully matured in terms of body size and reproduction, they corresponded to young adults, considering their longevity of more than 10 y. Thus, an age-related decrease in SR Ca 2ϩ -ATPase expression (21) was not likely to (n ϭ 5) (n ϭ 6) (n ϭ 5) (n ϭ 5)
The mean value of the protein level scores from sham-operated adult sheep was arbitrarily determined as 1.0. * p Ͻ 0.05 and ** p Ͻ 0.01 vs the age-matched controls. 251 happen in the adult groups of the current study. The young adult sheep at 2 y old may better correspond to young adult patients with congenital or rheumatic disease with pressureoverload hypertrophy and heart failure than to those in their middle age to senescence. In our banded adult sheep, gene expression of Na ϩ /Ca 2ϩ exchanger decreased, in contrast with many previous reports of its increase in animal models and patients with hypertrophy and heart failure. Older adult sheep would have different results from those we observed in the 2-y-old young adult sheep. On the other hand, lambs younger than 3-mo-old would have shown developmental changes in Ca 2ϩ handling as reported in the literature (22) . Another age-related limitation of the current study comes from the smaller LV size and growth in the lamb groups. A potential criticism is that the lambs were exposed to a gradually induced pressure overload because of their growth (3), whereas the onset of pressure overload was more abrupt in the adult sheep. Initial increases in LV wall stress were set to be equivalent to the similar increase in LV pressure, assuming that LV geometry was not substantially changed acutely by the banding surgery. The LV-to-aortic pressure gradient was similar between the lambs and adult sheep even at 6 wk of pressure overload. However, the smaller hearts of the banded lambs may adapt to the pressure increase with less increase in wall stress. Doppler flow study would have provided us with more detailed information regarding the actual circumference of the aorta versus the area of the band, allowing us to quantify the relative degree of reduced flow.
We examined expression of the cardiac genes only at the mRNA levels except for SR Ca 2ϩ ATPase in which both protein level and Ca 2ϩ uptake activity were evaluated. It is possible that some translational or posttranslational controls may be present in regulation of these genes. Because the sarcolemmal Ca 2ϩ channel and the SR Ca 2ϩ release channel were quantitated by slot blot analysis using total RNA because of less abundance of these mRNA species, possible nonspecific bindings of the probes to ribosomal RNA and individual variations in some of the slot blot analysis data might have blunted actual small alterations in mRNA levels. Large SEM in the slot blot analysis data in some groups indicates the methodologic limitation. It may not be appropriate to extrapolate these slot blot-derived mRNA data to protein levels. Indeed, a recent study (23) showed reduced ryanodine receptor (Ca 2ϩ release channel) density and no changes in DHP receptor (Ca 2ϩ channel) numbers in guinea pigs and ferrets with severe LV pressure-overload hypertrophy. However, other studies have shown that the mRNA and protein levels (7, 24, 25) as well as the Ca 2ϩ uptake rate (26) of the SR Ca 2ϩ ATPase changed in a concordant manner in LV myocardium subjected to pressure overload and in patients with heart failure. Although yet to be proven, it is likely that the changes in the mRNA levels in the current study reflect changes in levels of the corresponding proteins. Assessment of alterations of intracellular Ca 2ϩ -cycling properties using Ca 2ϩ indicators would provide us with more direct evidence for the relationship between the Ca 2ϩ -handling abnormality and hemodynamic dysfunction in the banded adult sheep. Further studies are necessary to prove this point, especially in the SR Ca 2ϩ release channel and the sarcolemmal Ca 2ϩ channel. ␣-and ␤-myosin heavy chain are differentially regulated in response to pressure overload. Because the cDNA we used hybridizes both subtypes, the subtype shift of myosin heavy chain may have taken place in the banded animals. However, it is widely accepted that ␤-myosin heavy-chain expression is altered in pressureoverload hypertrophy primarily in small animals and not in large animals. We note that the myosin heavy-chain mRNA data were employed only for the normalization of the Ca 2ϩ -handling protein mRNA. 
